ABSTRACT Only a few percent of cool, old white dwarfs (WDs) have infrared excesses interpreted as originating in small hot disks due to the infall and destruction of single asteroids that come within the star's Roche limit. Infrared excesses at 24 µm were also found to derive from the immediate vicinity of younger, hot WDs, most of which are still central stars of planetary nebulae (CSPN). The incidence of CSPN with this excess is 18%. The Helix CSPN, with a 24 µm excess, has been suggested to have a disk formed from collisions of Kuiper belt-like objects (KBOs). In this paper, we have analyzed an additional sample of CSPN to look for similar infrared excesses. These CSPN are all members of the PG 1159 class and were chosen because their immediate progenitors are known to often have dusty environments consistent with large dusty disks. We find that, overall, PG 1159 stars do not present such disks more often than other CSPN, although the statistics (5 objects) are poor. We then consider the entire sample of CSPN with infrared excesses, and compare it to the infrared properties of old WDs, as well as cooler post-AGB stars. We conclude with the suggestion that the infrared properties of CSPN more plausibly derive from AGB-formed disks rather than disks formed via the collision of KBOs, although the latter scenario cannot be ruled out. We finally remark that there seems to be an association between CSPN with a 24-µm excess and confirmed or possible binarity of the central star.
INTRODUCTION
There are three indicators of planetary debris around white dwarfs (WDs): (1) metal pollution, discovered decades ago (e.g., Weidemann 1960) , but originally thought to be accretion from the ISM (e.g., Aannestad et al. 1993; Dupuis et al. 1993) , (2) an infrared (IR) excess due to warm dust and first detected around G29-38 (Zuckerman & Becklin 1987) , (3) gaseous disks (e.g., Gänsicke et al. 2006) , which unambiguously showed that the debris material is an accretion disk lying within the tidal disruption radius of the WD (Reach et al. 2005) . The debris material comes from the disruption of asteroids (Graham et al. 1990; Jura 2003) . These three indicators of debris accretion are hierarchical. All WDs that have gaseous disks also have dust/IR excesses, and all WDs that have dust also have metal-polluted atmospheres (Brinkworth et al. 2009 (Brinkworth et al. , 2012 . However, this does not work in the op-posite direction, i.e., not all metal-polluted WDs have dust, and not all dusty WDs have gas. The fraction of cool WDs with IR excesses is ∼1-3% (Farihi et al. 2009; Steele et al. 2011; Girven et al. 2011; Barber et al. 2012) . These disks are typically found very close (<1 R ⊙ ) to cool (<25,000 K) WDs. The dust in these disks is quite warm (∼1000 K), and so the dust emission shows up strongly in the Spitzer IRAC bands . Many questions still remain about the structure and longevity of these disks and what they are telling us about the planetary systems that once orbited these stars, but other than that, the debris nature of these disks seems to be a reasonable interpretation.
In 2007, a dust disk was detected around the central star of the Helix planetary nebula (PN), also known as NGC 7293 (Su et al. 2007 ). This disk differed greatly from those previously found around WDs. In the Helix system, the star is much hotter (110,000 K vs. <25,000 K of the typical WD with debris disks); the dust is much colder (∼100 K vs. 1000 K for the WD disks), and lies much farther from the star (∼50 AU vs. <0.01 AU for the WD disks; Su et al. 2007; Bilíková et al. 2012 ). Nonetheless, this object was also interpreted as having a debris disk, but the suggested origin was dust production by collisions among Kuiper belt-like objects (KBOs), rather than individual asteroids pulverized by entering the Roche limit.
Further surveys have found cold dust disks around a number of hot WDs and central stars of PN (CSPN). Chu et al. (2011) looked at seventy-one stars and found nine disks. Seven of these nine stars with disks were CSPN. The other two are hot WDs likely to have been PN in the very recent past (Tweedy & Kwitter 1994; Werner et al. 1997) . Out of the 35 CSPN analyzed by Chu et al. (2011) , 7 detections represent a detection rate of 20%. Bilíková et al. (2012) searched an additional sample of CSPN. Out of 56 viable candidates, they detected disks in 17-20% of their sample. For the combined samples the incidence of disks is 18%. The much higher frequency of disks around CSPN than around cool WDs raised questions as to whether their nature is also that of debris disks or whether these disks are formed by mass loss from the stars during the asymptotic giant branch (AGB) phase. Dusty outflows, disks, and shells are, of course, known and expected to be associated with cool AGB and post-AGB stars, but one might expect them to be destroyed by the heating of their central stars. The presence and longevity of disks around CSPN and young, hot WDs can inform us about the recent past of these stars, including the presence of a binary companion that may have influenced the AGB mass loss process, and also about dust formation and survival.
These questions led us to look for more disks around CSPN. We selected the PG 1159 stars that constitute about 10-20% of the entire CSPN group. These stars are intermediate between the the Wolf-Rayet central stars of PN (also known as the [WC] stars) and WDs. The reason for targeting these stars is that some of their immediate progenitors, the [WC] stars, are known to have spectacular, dusty environments, with large silicate disks as well as carbon rich outflows (e.g., CPD -56
• 8032, Cohen et al. 1999) 8 . Abundance measurements of debris around cool metal-polluted WDs imply that the material is very carbon-poor material (e.g., Gänsicke et al. 2012; Jura et al. 2012) . PG 1159 stars follow the [WC] central stars by no more than 10 3 -10 4 yr (using a stellar evolutionary track for a 0.60-0.63 M ⊙ star from Vassiliadis & Wood (1993) and known PG 1159 stellar parameters from Dreizler & Heber (1998) ), while the oldest PG 1159 stars, those with no PNe, are another 10 4 -10 5 yr older than that. Since the dust around Wolf-Rayet central stars may be distributed in long lived, Keplerian disks, it is possible that these disks have survived the hottest phases of the star and are present in the PG 1159 stage.
We have therefore obtained Spitzer /IRS spectra of a sample of nine PG 1159 stars, all associated with PNe to look for evidence of dusty disks, increase the statistics of disks around CSPN, compare them further with debris disks around old WDs as well as with that around the Helix CSPN and study the disk longevity around CSPN.
OBSERVATIONS AND REDUCTION
Nine PG 1159 stars, listed in Table 1 , were observed with the Spitzer/Infrared Spectrograph (IRS; Houck et al. 2004 (Furlan et al. 2006; Sargent et al. 2006; Watson et al. 2007; Sargent et al. 2009 ). We start with the Spitzer Science Center IRS pipeline Basic Calibrated Data product (BCD) for each object. The BCD is flat-fielded, dark-current subtracted, and stray-light corrected. We employ a point-source spectral extraction and calibration method using the Spectral Modeling, Analysis and Reduction Tool (SMART; Higdon et al. 2004 ) and IDL routines for post-pipeline processing. In particular, we identify and correct for rogue (NaN) pixels in our two dimensional spectral data by linearly interpolating the four nearest neighboring pixel values. To correct for the sky background, we subtract the off order spectrum (∼1-3 ′ away from target) in the same nod position of the on-target order. The low-resolution, sky-subtracted spectra are then extracted using a variable-width extraction window that fits tightly to the IRS point-spread function.
To calibrate our spectra, we employ custom relative spectral response functions (RSRFs) which yield flux densities based on the signal detected at a given wavelength. To produce the RSRFs, we use SMART to divide each of our spectra, nod by nod, for each order of each module. A spectral template of a calibration star (α Lac; Cohen et al. 2003) was identically prepared such that the quotient of the template and the observed stellar spectrum is the RSRF. The low-resolution, sky-subtracted extractions were then multiplied by the RSRF corresponding to the relevant nod, order, and module. In general, we found good agreement between flux values in regions of wavelength overlap between orders in each module. For each object, the procedure described above produces a calibrated point-source spectrum.
There are IRS/Peakup images (PUI; 16 & 22 µm) for the whole sample. In addition, three stars have IRAC (3.6, 4.5, 5.8, 8 .0 µm) images, and six have MIPS (24 µm) images (e.g., Chu et al. 2011) . See Table 1 for a summary. These images have been examined for point sources at the coordinates of the sample stars. As an example, Figure 1 shows existing IR images of NGC 246. NGC 246 and NGC 650 show a point source at the position of the star in all 4 IRAC bands. The images also clearly show the nearby companions of these two stars. JnEr 1 shows a point source only at 3.6 and 4.5 µm. None of the stars with MIPS 24 µm imaging shows a point source at the location of the star. Also, there are no detections of point sources in any of the PUI images for the nine stars in the sample.
The IRS spectra for the sample stars are plotted in Figure 2. These spectra show strong emission lines due to the surrounding PNe (Guiles et al. 2007 Figure 2 . The sky subtraction is taken ∼1 ′ -3 ′ away from the star, well outside the slit position and outside the visible PN nebulosity. So the 1D spectra, extracted and shown in Figure 2 , include any diffuse dust emission from the PN present in the portions of the slit that were extracted. The 2D spectra have point-like sources in the slit that have been extracted, but in each case these turned out to be dust condensations in the PN. Local sky subtraction was also attempted but no significant point sources centered on the target stars were detected. As seen in Figure 2 , all of the stars in the sample show mid-IR emission rising toward longer wavelengths indicating the presence of cool dust. The key question is, where is the dust, whose emission is being detected. Is the IR emission from a point source centered on the star in which case, it would be consistent with dust emission from a circumstellar disk, or is it diffuse emission from dust associated with the PN that surrounds each of these stars?
Spectral energy distributions (SEDs) were constructed for the three stars, NGC 246, NGC 650, and JnEr 1, with both IRAC and MIPS 24 µm photometry. SEDs for each of the three stars are shown in Figure 3 , where the fluxes were all normalized to the distance of NGC 246 (500 pc, . For the IRAC images, which overlap in wavelength with the IRS spectra, the brightness of the star is plotted both with sky subtraction (in an annulus close to the star) and with no sky subtraction. Since none of the stars showed a point source at 24 µm, only the no-sky-subtraction 24 µm fluxes are plotted in Figure 3 . The no-sky-subtraction fluxes closely mimic the fluxes of the IRS extractions. This clearly shows two important results. First, the sky-subtracted fluxes, in all three cases, are consistent with the tail of the blackbody SED from the star. And second, the no-sky-subtraction fluxes agree very well with the IRS fluxes. So, the conclusion must be that the mid-IR emission from dust seen in the IRS spectra comes from diffuse emission in the PN surrounding each of the PG 1159 stars. This is reinforced by the fact that the six stars in our sample, that were also imaged with MIPS at 24 µm, show no evidence for a point source. So we see no evidence for dusty disks in this small sample of PG 1159 stars.
In total, including our sample, twenty PG 1159 stars (ten with PNe and ten without) from the catalog of C. S. Jeffery 9 have been observed with Spitzer /MIPS at 24 µm. None of the PG 1159 stars with no PN, including PG 1159-035 itself, shows evidence for a dusty disk (Chu et al. 2011) . The ten stars with PNe are listed in Table 1 .
There is 2MASS JHK photometry available for NGC 246 and NGC 650. U BV RI photometry was available for NGC 246 (Kilkenny et al. 1998) , and SDSS ugriz photometry is available for NGC 650 and JnEr 1 (Abazajian et al. 2009 ). Low resolution IUE spectra were downloaded from the MAST archive for NGC 246. Photometry of NGC 246 and NGC 650 is difficult because each has close companions. NGC 246 has a physical G8-K0 V companion 3.
′′ 8 away , and NGC 650 has two stars, thought to be background objects, only 1.
′′ 3 away (Koornneef & Pottasch 1998 Cohen et al. 1999) . The fraction of disks among the [WC] central stars may be difficult to find using an infrared-excess technique, due to the particularly red colors of the hydrogen-deficient atmospheres of these stars. However, if present, they should be readily detected around the progeny of the [WC] stars, the PG 1159 stars.
For CSPN, in general, 18% of 84 objects were detected to have a 24 µm flux excess (Bilíková et al. 2012) . Of the ten PG 1159 stars with PNe observed at 24 µm, five have such low S/N that they don't constrain the presence of a disk. One of the remaining five, the central star of the PN Abell 21, has been detected at 24 µm (Chu et al. 2011) . So, for this small sample, the detection rate of one in five objects is fully in line with the statistics of CSPN. The fact that we did not detect a preponderance of circumstellar disks among the PG 1159 stars argues either in favor of their disks having been destroyed by intense radiation, that not all [WC] stars and, therefore, their descendant PG 1159 stars, have such disks, or that we are just observing the effect of low number statistics.
THE CLASSIFICATION OF STARS WITH DISKS
Before we discuss whether disks have a debris origin or not, we should clarify how the host stars should be classified. We have seen 24 µm excesses in WDs, both cool (old) and hot (young), and in CSPN. CSPN have very recently departed from the AGB and are at a similar evolutionary stage as the warm WDs. The cool WDs, on the other hand, left the AGB a long time ago.
There is a second source of confusion. Some objects classified as PN were later found to be mimics (Frew 2008; Frew & Parker 2010) . There are two types of mimics: young, hot WDs that lost their PN sometime ago, but are still hot and luminous enough to ionize the interstellar medium, and stars that, by their temperature and gravity, can be placed on post-Red Giant Branch (RGB) evolutionary tracks. If hot enough, these stars can also ionize the interstellar medium and have a nebula that can be mistaken for a PN. An example of the former class is the disk object, EGB 1. Its nebulosity is not a bona fide PN, but is ionized interstellar medium around a young, hot WD; the central star of EGB 1 likely was surrounded by a PN until recently. Another similar mimic is the nebulosity discovered around the hot WD 0109+111 by Werner et al. (1997) . Both EGB 1 and WD 0109+111 should be analyzed in the context of CSPN when it comes to interpreting their disks.
The latter class of mimics constitutes a third category of objects.
An example is the disk object DeHt 5, which is traditionally listed as a PN (Frew 2008; De Marco et al. 2013) . The central star's temperature and gravity place this star very close to the post-RGB track of a ∼0.44 M ⊙ star (Napiwotzki 1999), although Gianninas et al. (2010) find a mass of ∼0.54 M ⊙ , more consistent with a post-AGB origin. As a mimic, this object is similar to EGB 5 and PHL 932 (Geier et al. 2011 , neither of which is known to have a disk).
De Marco et al. (2013) detected a 4-σ J band excess for the central star of DeHt 5, consistent with an M5V companion. Bilíková et al. (2012) detected point sources in 2MASS, IRAC, and MIPS bands with a clear excess at 8 and 24 µm. They concluded that there is a cool disk with a temperature of 190 K and a radius of 8.2 AU. Whatever the origin of this disk (most likely a stellar interaction that happened while the star was on the RGB, possibly a common envelope if the companion is found to orbit the star closely). Bannister et al. (2003) examined HST/STIS UV spectra and found hot, circumstellar gas, with lines redshifted relative to the WD rest frame, and speculate that this might indicate infalling matter. This object is a third category of star with a dusty circumstellar environment alongside bona fide old WDs and younger, warmer WDs with or without a PN.
Finally, we introduce the post-AGB stars. These are F or G supergiants that have departed the AGB, but are still much cooler than CSPN. These stars can have a pre-PN (a nebula that shines because of reflected light), in which case they are called central stars of pre-PN, or not, in which case we call them naked post-AGB stars (Bright et al. 2012 ).
HAVE ANY OF THE CSPN DISKS A DEBRIS NATURE?
The last question we want to address is whether any of the disks found around CSPN are debris disks. While we acknowledge that CSPN debris disks cannot be like those around old, cool WDs, we wonder whether other CSPN disks could be formed by collisions of KBOs as was suggested for the Helix PN by Su et al. (2007) . That scenario is plausible in the case of the Helix PN as investigated analytically by Dong et al. (2010) . Disks around central stars of PN can have formed from gas ejected during the AGB, plausibly, but not necessarily, because of a binary interaction, within which dust condensed. This is the likely origin of disks around naked post-AGB stars (van Winckel et al. 2009 ), central stars of pre-PN (e.g., Bright et al. 2012 ) as well as disks around some CSPN (e.g., . Both scenarios have been amply discussed by Bilíková et al. (2012) , who point out the impossibility of discerning between them. Here, we examine the possibility that the Helix disk, as well as those detected around other PN central stars, have more plausibly an AGB origin than a shattered KBO one.
We present, in Figure 4 a color-magnitude diagram of all the objects for which 8 and/or 24 µm imagery exists. All fluxes have been scaled to 500 pc using the distances listed in Table 2 . The cool, old WDs have dim hot disks, as expected. The CSPN with data, on the other hand, reside in a strip extending from the top left to the bottom right of the figure, with the brightest members being much brighter, but only slightly redder than the cool WDs, and the dimmest members being only slightly brighter, but far redder than the cool WDs. The two brightest CSPN objects, NGC 2346 and NGC 6804, are known from independent observations to have large dusty tori: the former, a bright edge-on, bipolar PN, has photometric variability due to the close binary companion periodically hiding behind dust clumps in the disk (Kato et al. 2001 , and references therein), while the latter has a possibly crystalline silicate feature in a Gemini/Michelle spectrum (Bilíková et al. 2012) , indicating a long lived, Keplerian disk. The PG 1159 stars, A 21, and NGC 246 have only limits, and while the former has a 24 µm limit, which places it comfortably in the CSPN lane, the latter may be bluer than the strip. EGB 1 (which is a PN mimic, but whose central star is a hot and young WD, likely only slightly more evolved than a typical CSPN) is within the CSPN lane and finally, DeHt 5, which is also a PN mimic, but likely a post-RGB star, also resides in the CSPN lane. The SED of CSPN disks are also compared to those of the debris disks around cool WDs in Figure 5 ; the WD SEDs are flatter (hotter) and overall about 100 times dimmer.
We also bring to bear the disks around post-AGB stars with no nebula (van Winckel 2003) , and those with a pre-PN ( § 4), which are also plotted in Figure 4 . The plotted points for the naked post-AGB stars (with no nebula) are averages of approximately 10 objects with an oxygen-rich chemistry and 10 objects with a carbon-rich chemistry (Woods et al. 2011) . The error bars indicate the range of the individual values. For the pre-PN group we use the NIR measurements from Bright et al. (2012 Bright et al. ( , 2013 , extracted from interferometric observations that measured the small disk rather than the overall dusty pre-PN. All post-AGB disks, whether a pre-PN is present or not, cluster together. Post-AGB disks are brighter than all other disks. Their colors are intermediate between the hot WD debris disks and the cooler CSPN dim disks and similar to the colors of the brighter, hotter CSPN group. All post-AGB stars, whether with a pre-PN or not, are stars which are close to the AGB (temperatures of a few thousand Kelvin; Table 2 ). Their disks either just formed (as may be the case for the central stars of pre-PN) or even if they are older (as may be the case for the post-AGB with no nebula whose evolution may have been stalled by accretion; van Winckel et al. 2009 ), their Keplerian nature insures that they did not expand away (Bright et al. 2012 (Bright et al. , 2013 .
We speculate here that the warm and bright disks around post-AGB stars, objects which have just left the AGB, become dim, red ones as the disk expands and disperses, and the star turns the "knee" of the HR diagram and dims. Hotter central stars would have cooler disks if the hotter and dimmer star is destroying the nearby dust and the bulk of the emission is overall farther from the centre of radiation.
We also notice that almost all the CSPN with 8 or 24 micron point source detections appear to be binaries or binary candidates. NGC 246, EGB 6, and K 1-22 are wide binaries (where EGB 6 has a known disk around the companion; Liebert et al. 2013; Ciardullo et al. 1999) ; NGC 2438 has a detected infrared excess consistent with an M3 V companion (although it could also be due to a warm disk - Bilíková et al. 2012) . DeHt 5, EGB 1, and NGC 6853 have J-band flux excesses consistent with companions with spectral type M5 V (De Marco et al. 2013) , Sh 2-188 has a low-sigma detection of an I-band excess consistent with a companion of spectral type M4 V (De Marco et al. 2013) . NGC 2346 is a close, single-lined spectroscopic binary with an A5 V companion to a hot star (Mendez & Niemela 1981; Smalley 1997 ). The only objects in our sample that are not at present known to be binaries are NGC 6804, Abell 21, Sh 2-216, NGC 7139, and the Helix central star; the Helix central star has been thoroughly investigated and no companion has been detected down to a spectral type of mid-to-late M (Su et al. 2007) . The lack of a detected companion does not prove the lack of a companion. However, we cannot at this time state that all CSPN with disks are binaries. Detecting fainter and fainter companions as well as more disks will allow us to corroborate or dismiss an association between binarity and disks. It is interesting to note that no cool WD with a dusty disks is known to have a close binary companion. One such WD binary (Debes et al. 2012) , which was suggested to have a disk, seems instead to be magnetic (Parsons et al. 2013) .
Finally, the low estimate of the dust mass of the Helix disk (Su et al. 2007) , is about the same as that of the Solar System's Kuiper belt (∼ 3×10 −7 M ⊙ ; Su et al. 2007 ), is 1000 times lower than the mass of the disk around the [WC10] CSPN CPD -56
• 8032 (Cohen et al. 1999; 6×10 −4 M ⊙ ; an average of the two estimates of Cohen et al. (1999) and Clayton et al. (2011)) and is also much less massive than the post-AGB disks for which we have data (10 −5 − 10 −3 M ⊙ ; Bright 2013 in preparation). Disk dust masses determined for 11 disks around central stars of bona fide PN by Bilikova (PhD Thesis and in preparation) also show high values once all dust components are included.
CONCLUSIONS
Dusty disks have been detected around about 18% of CSPN. One out of five PG 1159 stars with PNe (Chu et al. 2011; Bilíková et al. 2012) show evidence of a disk, in line with the rest of the PN group. This may indicate that PG 1159 stars do not show disks more often than non-PG 1159 CSPN. On the other hand, the statistics of PG1195 CSPN are extremely weak. It is interesting that none of the PG1159 stars, which have no PN and are therefore 10 4 -10 5 yr older, shows evidence for a dusty disk.
The characteristics of the disks, such as mass, radius, composition, and temperature will yield their origin. Currently, however, we have only partial information on disks around a range of object classes, which makes it difficult to draw accurate conclusions. While the rare dust disks found around old DZ WDs are certainly of a different nature from those around CSPN, it is still unclear what the nature of the CSPN disks is: do they derive from the pulverization of KBOs, as is plausible for the Helix PN, or are they dust formed in the ejecta of AGB stars? Based on the colors and brightness of the CSPN disks relative to those of stars that have just left the AGB, one may argue that the origin of CSPN disks is from AGB ejecta.
One may also argue that CSPN disks may themselves have more than one origin. Disks around hydrogen deficient [WC] and PG 1159 CSPN could derive from a different evolution from those around hydrogen-normal CSPN and cooler post-AGB stars (with or without PN). On the other hand, on the color-magnitude diagram, the Helix CSPN disk resides close to other hot CSPN, possibly indicating a common origin.
Finally, it came as a surprise that 8 out of 13 CSPN with disks detected because of 8 or 24-µm excess are either binaries or likely/possible binaries. This connection, which should be further explored, may argue for an AGB origin.
This c Wide binaries Ciardullo et al. 1999; Liebert et al. 2013. d No companion brighter than mid-to-late M (Su et al. 2007 ). e I-and J-band excess binary candidates (De Marco et al. 2013) . f Close binary (Mendez & Niemela 1981) . g Suspected binary (Frew 2008) . h Infrared excess binary candidate (Bilíková et al. 2012) . i Used MSX A and E fluxes instead of IRAC 8 and 24 µm. j Suspected binary (Bright 2013, in preparation) . k PN mimic; see Section 4.2. (Bilíková et al. 2012) , Abell 21 (X + right and down arrows, it was not detected at 8 µm; Bilíková et al. 2012) , NGC 246 (X + left arrow, it was not detected at 24 µm; Bilíková et al. 2012) , and NGC 7139 (X + left and right arrows, it was not observed at 24 µm; Bilíková et al. 2012 ). All fluxes have been scaled to 500 pc and converted to magnitudes. 
